Polybrominated diphenyl ethers may affect male reproductive function; however, the underlying mechanism is still uncertain. By using Caenorhabditis elegans, a commonly used model to study basic biological processes in apoptosis, we investigated the toxic effects of 4-bromodiphenyl ether (BDE-3), the most fundamental mono-BDE generated from degradation of polybrominated diphenyl ethers in the environment. We found that BDE-3 treated worms exhibited decreased life spans, impaired fecundity and delayed egg laying. BDE-3 induced dose-dependent germ cell apoptosis in wild-type N2 strain; however, this effect was blocked in mutants of p53/cep-1 and DNA damage response gene hus-1. Moreover, the knockout of the MAPK kinases (mutants mek-1 and sek-1) and the p53 antagonist protein ABL-1 (abl-1), which are essential for stress-induced germ cell apoptosis, also abrogated the germ cell apoptosis induced by BDE-3. Generation of reactive oxygen species (ROS) in intact animals was determined by a fluorescent probe, 2,7-dichlorofluorescein diacetate, and the ROS level was significantly elevated by BDE-3 treatment. Microarray analysis on gene expression profiles further revealed the possible pathways involved in BDE-3 toxicity. Overall, our findings suggested that BDE-3 could induce reproductive dysfunction and germ cell apoptosis in C. elegans by induction of ROS and DNA damage.
concentration (Abdelouahab et al., 2011; Akutsu et al., 2008) . PBDE mixture DE-71 can cause impairment of oocyte maturation and spermiation in zebrafish (Yu et al., 2014) . In adult male mice, exposure to 2,2 0 ,4,4 0 -tetrabromodiphenyl ether (BDE-47) decreased the rate of sperm capacitation, altered sperm motility parameters and increased germ cell loss and apoptosis in seminiferous tubules . It has been known that apoptosis is a common programmed event during the development of the reproductive system, which can control the sperm production. BDE-47 can induce germ cell apoptosis and reduce spermatogenesis in Sprague Dawley (SD) rats (Zhang et al., 2013) . PBDEs can disrupt the homeostasis of thyroid and sex hormones, and the endocrine disruption may be involved in the reproductive toxicity of PBDEs (Abdelouahab et al., 2011; Hamers et al., 2006; Yu et al., 2014) . Moreover, overproduction of reactive oxygen species (ROS) may also be a causal factor (Tseng et al., 2006) . In SD rats, BDE-47 and its metabolite can cause overproduction of ROS and consequent germ cell apoptosis (Zhang et al., 2013) . Several in vivo and in vitro studies have revealed that PBDEs can transform into hydroxylated brominated diphenyl ethers (OH-BDEs) through biotransformation process, and the OH-BDEs display a greater endocrine disrupting potential (Wiseman et al., 2011) .
Further investigations on the mechanisms of germ cell apoptosis induction with an in vivo model is necessary in order to better understand the PBDEs-induced reproductive toxicity. Caenorhabditis elegans is a classic model organism with small size and transparent appearance, showing conserved molecular and cellular pathway and genetic similarity with higher organisms (Jiang et al., 2016; Kaletta and Hengartner, 2006) . With large brood size and a short life cycle, the nematodes can be used in the quickly assessment of exogenous compounds. It has been proved to be a useful tool in the mechanism studies of the reproductive dysfunction caused by environmental pollutants (Du et al., 2015b; Wang et al., 2012b) . In C. elegans, the germ cell is sensitive to environmental stress. It is known that the germ cell of the nematodes can undergo apoptosis through DNA damagedependent mechanism or a nongenotoxic mechanism (Gartner et al., 2008) . The nematodes share many conserved homologs with the mammal. C. elegans MAPK signaling components are highly conserved in mammals (Johnson and Lapadat, 2002) . It has a large number of transgenic strains and mutants and is gene manipulable, which mean we can get almost all the mutants of interest (Frokjaer-Jensen, 2013; Thompson et al., 2013) . By using mutants or genetic manipulation techniques, we can investigate the underlying mechanism of apoptosis and give evidence for further studies. Therefore, C. elegans might be used as a suitable in vivo model to elucidate the signaling pathways involved in germ cell apoptosis. In the present study, by using the wild-type C. elegans and the mutants, we investigated the toxic effects of PBDEs and the underlying mechanisms.
Higher brominated diphenyl ethers can degrade in the environment to PBDEs with fewer bromines, which are more volatile and bioaccumulative (Gill et al., 2016; Yogui and Sericano, 2009) and hence may be more harmful to human health (O'Driscoll et al., 2016) . A study on distribution of PBDEs from two sites in Hong Kong showed that lower brominated PBDEs accounted for >70% of all the PBDEs in air particles (Deng et al., 2007) . 4-bromodiphenyl ether (BDE-3) is the most fundamental mono-BDE in the environment and the most abundant photodegradation products of higher brominated PBDEs under experimental conditions (Li et al., 2008; Zhuang et al., 2010 Zhuang et al., , 2012 . The mono-BDE exhibits the longest photolysis lifetime among all the PBDEs in the air (Raff and Hites, 2007) . BDE-3 can be generated and accumulate in fish (Carassius auratus) by biotransformation of PBDEs (Cheng, 2011) . It has been reported that the body burden of mono-BDE of salmon caught in the United States was about 0.016 ng/g (Staskal et al., 2008) . The mean concentration of BDE-3 in breast milk in Americans was reported to be 0.15 ng/g liquid weight (U.S. Environmental Protection Agency, 2010). Studies have shown that mono-BDE may induce genetic recombination in mammalian cells (Helleday, et al., 1999) , and BDE-3 showed toxicity effect on Perna viridis and Ruditapes philippinarum (Huang, 2012) . To gain more information on the toxicity of lower brominated PBDEs, in the present study, we examined the effects of BDE-3 on the reproductive function and germ cell apoptosis in C. elegans. We also investigated the roles of DNA damage and oxidative stress response genes in BDE-3-induced germ cell apoptosis. Our results may provide more evidence to better understand the mechanism of PBDEs-induced reproductive toxicity.
MATERIALS AND METHODS

Chemicals and Solution Preparation
BDE-3 (CAS 101-55-3, 99% purity) was purchased from SigmaAldrich (St Louis, Missosuri). The stock solutions were prepared by dissolving BDE-3 in dimethylsulfoxide (DMSO, purity ! 99.5%, Sigma-Aldrich) just before using. The stock solutions were then 200 times diluted with sterile M9 buffer (containing 3 g/l K 2 HPO 4 , 6 g/l Na 2 HPO 4 , 5 g/l NaCl, 1 mmol/l MgSO 4 ) to get the working solutions. M9 buffer was used as a blank control while M9 buffer with 0.5% DMSO (vol/vol) served as a vehicle control. Considered the volatility of BDE-3, all the solutions were prepared within one hour before treatments.
C. elegans Strains and Maintenance
The strains used in this study were wild-type Bristol N2 and mutants WS2277 hus-1 (op241), JR1279 cep-1 (w40), AU1 sek-1 (agl), FK171 mek-1 (ks54), and XR1 abl-1 (ok171). Hus-1 is a DNA damage checkpoint gene and functions with cep-1, a homolog of p53, participate in DNA damage induced germ cell apoptosis. Sek-1 and mek-1 are homologs of MKK in MAPK signaling pathway. Together with abl-1, the three genes were reported involved in stress-induced apoptosis pathway (Salinas et al., 2006) . All of the strains were from Caenorhabditis Genetics Center (Minneapolis, Minnesota USA). The nematodes were maintained at 20 C on nematode growth medium (NGM, containing 17 g/l Agar B, 3 g/l NaCl, 2.5 g/l peptone, 25 mmol/l KPO 4 buffer, 1 mmol/l MgSO 4 , 1 mmol/l CaCl 2 and 5 mg/l cholesterol), which seeded with Escherichia coli strain OP50 as a food source (Stiernagle, 2006) . A mixture of sodium hydroxide and sodium hypochlorite (containing 0.5 mol/l NaOH and 1% (v/v) NaClO) was used to obtain synchronized nematode population. The gravid hermaphrodites were lysed in the alkaline solution to release eggs. The eggs hatched overnight at 20 C without food, and then the hatched L1 stage larvae were transferred to NGM plates seeded with OP50. After an incubation period of 48 h, the L4 agesynchronized worms were harvested for the experiments.
Life Span Assay
In our experiment, we treated the nematodes by two different patterns of exposure, including a 24 h short-term exposure and a long-term exposure from L4 stage until death.
24 h short-term exposure. After exposed to BDE-3 for 24 h, the surviving nematodes were transferred to the 48-well plates with one worm in each well. Twenty animals were included in each treatment. In each well, E. coli OP50 and 5-fluoro-2 0 -deoxyuridine (5-FudR, Sigma-Aldrich) were added to serve as the food source and inhibit egg laying, respectively.
Long-term exposure. In each treatment, 25 synchronized individuals were transferred to 96-well plates with one worm in each well. All animals were exposed to BDE-3 continuously from L4 stage to death in the experiment. In each well, E. coli OP50 and 5-FudR were added for the previously mentioned purposes. The death of a worm was determined by the lack of response to the stimulus of a tiny metal needle (Maurer et al., 2015) . The length of time between L1 stage and death was recognized as the life span of the C. elegans in our experiments.
Fecundity and Hatchability Assay
After 24 h exposure to BDE-3, the age synchronized animals were transferred to NGM agar plates seeded with food. One single nematode was placed in one well of the 24-well plates. The nematodes were then transferred to a new well every 24 h until stopping laying eggs. The number of larvae and eggs in the plates were counted every day and defined as daily fecundity. After another 24 h of incubation, the unhatched eggs were also counted. The fecundity and hatchability were calculated as described previously in Du et al. (2015b) . Total fecundity ¼ P (daily fecundity), total hatchability (%) ¼ (1 À total unhatched eggs/total fecundity) Â 100%, 72-h fecundity ¼ P (daily fecundity in the first 3 days), 72-h hatchability (%) ¼ (1 À 72-h unhatched eggs/72-h fecundity) Â 100%.
Measurement of ROS
In our study, we used 2,7-dichlorofluorescein diacetate (DCFDA, Sigma-Aldrich) as the molecular probe to detect the ROS generation in intact animals. The ROS generation was quantified as previously described (Schulz et al., 2007) . After 24 h exposure to graded concentrations of BDE-3, the nematodes were collected and washed with ice-cold M9 buffer for three times to remove the bacteria. Then the worms were transferred to a black 96-well plate containing 100 ml ice-cold M9 buffer and DCFDA with 20 worms in 1 well. The final concentration of DCFDA was 50 mmol/l. Three replicate wells are included in each dose group. Hydrogen peroxide was used as a positive control here. The fluorescence intensities were read every 15 min for 2 h with a microplate reader (BioTek, USA) at excitation wavelength 485 nm and emission wavelength 530 nm.
Germ Cell Apoptosis Assay
The apoptotic germ cells were measured as previously described (Du et al., 2015a) . The synchronized worms at the L4 stage were exposed to BDE-3 for 24 h. After exposure, the nematodes were collected and stained with 500 ml 20 lg/ml acridine orange (AO, Sigma-Aldrich) for 1 h at 20 C. After twice washes with M9, the worms were transferred onto bacterial lawns, which facilitated the excretion of AO in the intestine. Animals were then immobilized by 40 mmol/l sodium azide, and the apoptotic cells were observed under an Olympus IX73 microscope (Olympus, Japan). Twenty animals were included in each group. The assay was repeated three times.
Microarray Analysis
Synchronized L4 stage worms were harvested and exposed to 0.5% DMSO or 10 and 30 mg/ml BDE-3 for 8 h (2 replicate for each dose). More than 2000 worms were included in each group. The worms were then washed three times with M9 buffer to remove the bacteria. About 200 ml M9 buffer containing concentrated worms were added with Trizol and stored at À80 C for the microarray analysis. Total RNA was isolated from the treated worms using mirVanaTM RNA Isolation Kit (Cat. AM1561, Ambion, Austin, Texas, USA) following the manufacturer's instructions. Total RNAs was quantified by the NanoDrop ND-2000 (Thermo Fisher Scientific, Grand Island, New York, USA) and the RNAs integrity was assessed using Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, California, USA). Total RNA samples were sent out to IBSBIO Company (Shanghai, China) and then applied to Affymetrix C. elegans Gene 1.0 ST (Agilent Technologies) to assess the mRNA expression profiles. The sample labeling, microarray hybridization and washing were performed based on the manufacturer's standard protocols. Briefly, total RNAs were transcribed to double strand cDNAs and then synthesized cRNAs. Next, second cycle cDNAs were synthesized from cRNAs. Followed fragmentation and biotin labeling, the 2nd cycle cDNAs were hybridized onto the microarray. After washing and staining, the arrays were scanned by the Affymetrix Scanner 3000 (Affymetrix). Expression Console software (version 1.3.1, Affymetrix) was used to extract raw data and offer RMA normalization. Next, Genesrping software (version 12.5, Agilent Technologies) was employed to finish the basic analysis. Differentially expressed genes (DEGs) were then identified through fold change as well as P value calculated with t test. The threshold set for up-and down-regulated genes was a fold change ! 2.0 and a P value .05. Afterwards, gene ontology (GO) analysis and KEGG analysis were applied to determine the roles of these differentially expressed mRNAs played in these GO terms or pathways. Finally, Hierarchical Clustering was performed to display the distinguishable genes' expression pattern among samples.
Statistical Analysis
To compare the survival curves of the worms, statistical analysis was carried out with log-rank test. The Dunnett t test was used to determine significant differences between BDE-3 exposure groups and the vehicle control group after the one-way ANOVA was performed. The comparison between the blank control group and the solvent control group was performed with t test. A value of P < .05 was considered significant. SPSS version 19.0 (IBM, USA) was used for statistical analysis.
RESULTS
BDE-3 Decreased Life Span of C. elegans
In the life span assay, no adverse effect was observed in 0.5% DMSO vehicle control groups compared with the M9 groups. After 24 h exposure, the average life span showed a significant decrease at 30 mg/ml, and at the concentration of ! 50 mg/ml, both the survival curves and average life span decreased significantly ( Figure 1A , P < .05). Under the long-term exposure, the survival curves and average life span deceased significantly (P < .05) at ! 0.03 mg/ml, the lowest exposed dosage in the test ( Figure 1B ).
BDE-3 Reduced Fecundity and Delayed Egg Laying of C. elegans
The L4 stage worms were treated with BDE-3 for 24 h and then harvested for the fecundity and hatchability assay. Compared with M9 blank control, vehicle control of 0.5% DMSO, the lowest concentration to dissolve BDE-3, significantly decreased the fecundity (P < .05). Herein, all the results were compared with the 0.5% DMSO vehicle control. As shown in Figure 2A , exposure to graded concentrations of BDE-3 caused a dose-dependent decrease in both total fecundity and 72-h fecundity. At 300 mg/ml which was about one-tenth of the LD50 in 24 h lethality assay from our pilot experiment, we observed significant decreases (P < .05) in total fecundity and 72-h fecundity compared with the control group. The peaks of egg laying were delayed in treatment groups. Time of the end of exposure was defined as T 0 . The average time between egg laying and T 0 of all the eggs in each dose group was calculated, and used as an indicator of the time to reach peak fecundity. There were significant increases (P < .05) in the time to reach peak fecundity at 100 and 300 mg/ml ( Figure 2B ). The hatchability of eggs showed no dose-dependent manner in treatment groups (data not shown in this article).
BDE-3 Increased Germ Cell Apoptosis
The apoptotic germ cells were identified by AO stain and appeared yellow-green ( Figure 3B ). At 30 mg/ml, we observed a significant increase (P < .05) of germ cell apoptosis in N2 worms ( Figure 3A) . The average number of germ cell apoptosis at 30 mg/ml was 2.94, and was > 2-fold higher compared with the vehicle control group. At higher concentrations (>30 mg/ml), we found that 24 h exposure of BDE-3 could inhibit the gonad development of C. elegans, hence we used the adult N2 worms instead of the L4 stage worms for exposure and germ cell apoptosis assay. More obvious apoptosis occurred at higher concentrations compared with the vehicle control, and the exact number of apoptosis could not be ascertained as shown in Figure 3B .
Genotoxic Response Genes Are Critical in Regulating BDE-3-Induced Germ Cell Apoptosis
Under genotoxic stresses, the DNA damage-induced germ cell apoptosis is dependent on the worm p53 homolog cep-1 and DNA damage checkpoint proteins (Gartner et al., 2008) . To investigate the role of genotoxic stresses in BDE-3-induced apoptosis, we exposed the strains cep-1 (w40) and hus-1 (op241), a conserved checkpoint gene that is required for DNA damageinduced apoptosis, to the same concentration of BDE-3 (1, 10, and 30 mg/ml) as that applied in N2 wild-type worms. As shown in Figure 4A , after 24 h exposure, the number of germ cell apoptosis in the vehicle controls of strains hus-1 and cep-1 were 1.27 6 0.10 and 1.28 6 0.11 compared with N2 (1.00 6 0.13 of the vehicle control). At the concentration of 30 mg/ml BDE-3, the number of apoptosis of mutants hus-1 and cep-1 were 1.53 6 0.15 and 1.42 6 0.14, and showed no significant increase compared with the control group. Results indicated DNA damage response genes are essential for BDE-3-induced germ cell apoptosis.
MAPK Signaling Pathways Are Essential for BDE-3-Induced Germ Cell Apoptosis
To investigate the role of oxidative stress in BDE-3-induced apoptosis, we treated the mutants of MAPK kinases (mutants mek-1 (ks54) and sek-1 (agl)) and the p53 antagonist protein ABL-1 (abl-1(ok171)), which were essential for oxidative stress-induced FIG. 1. Effects of BDE-3 on the life span of N2 worms. The survival curves of part dosage groups were shown here. The nematodes used in the life span assay were in L4 stage. A, 24 h short-term exposure. The average life span of each group (from vehicle control to 300 lg/ml) is 16.79 6 4.38, 15.69 6 4.83, 18.13 6 3.60, 10.26 6 8.08, 7.14 6 8.57, and 6.64 6 6.03 days, respectively. B, Long-term exposure. The average life span of each group (from vehicle control to 30 lg/ml) is 15.90 6 3.90, 10.07 6 5.34, 11.33 6 4.93, 11.87 6 4.48, 7.42 6 4.00, and 4.73 6 2.23 days, respectively. germ cell apoptosis (Salinas et al., 2006) , with graded concentrations of BDE-3 for 24 h. At 30 mg/ml, the number of apoptosis of strains mek-1, sek-1, and abl-1 were 1.05 6 0.12, 1.33 6 0.13, and 1.22 6 0.15 compared with the vehicle controls (1.33 6 0.12, 1.20 6 0.11, and 1.25 6 0.16) and N2 (1.00 6 0.13 of the vehicle control) ( Figure 4B ). No significant increased apoptosis was observed in the mutants ( Figure 4B ). The apoptosis effects were blocked in all these 3 mutants, and this indicated that MAPK signaling pathway is involved in BDE-3-induced germ cell apoptosis.
BDE-3 Increased the Generation of ROS
The intact animals were exposed to 1, 10, and 30 mg/ml BDE-3 for 24 h, and then the fluorescent intensities of DCFDA were measured at 1 h time point to evaluate the generation of ROS. As shown in Figure 5 , a >1.5-fold increase (P < .05) of the relative fluorescent intensities was observed in 30 mg/ml group compared with the vehicle control, indicating that BDE-3 induced ROS production in C. elegans.
Gene Expression Profile Provided More Information of Toxicity L4 stage N2 worms were exposed to 10 and 30 mg/ml BDE-3 for 8 h, then the total RNA was isolated for gene expression analysis using Affymetrix C. elegans Gene 1.0 ST Array. DEGs were identified by a two-fold change, with the numbers being 162 and 489 in 10 and 30 mg/ml groups, respectively. GO enrichment analysis of these DEGs showed that the main biological processes affected by the exposure of BDE-3 were associated with metabolic process, oxidation-reduction process and immune Representative pictures of germ cell apoptosis at 1, 10, 30, 50, and 100 lg/ml and the control group, respectively. L4 stage worms were used for apoptosis assay at 1, 10, and 30 lg/ml, and adult worms were used at 50 and 100 lg/ml.
FIG. 4.
Germ cell apoptosis in mutants exposed to BDE-3. A, Germ cell apoptosis in N2 stain and hus-1 (op241) and cep-1 (w40) mutant strains. B, Germ cell apoptosis in N2 stain and sek-1 (agl), mek-1 (ks54), and abl-1 (ok171) mutant strains. The data were merged from three independent experiments. The same data of N2 strain in Figure 3A was showed here for comparison. Error bars indicate 6 SE. Asterisks represent P < .05 compared with DMSO vehicle control. response. Because the lowest observed apoptosis level for BDE-3 is 30 mg/ml in our study, we compared the DEGs of 30 mg/ml to that of 10 mg/ml groups to reveal the molecular mechanism of BDE-3-induced germ cell apoptosis. The Venn diagram showed that 131 genes were commonly altered in both groups ( Figure  6A ). Further KEGG pathway analysis showed that the 131 common DEGs were mainly associated with the metabolism of xenobiotics ( Figure 6B ), whereas the 385 DEGs that identified only at 30 mg/ml were involved in pathways of ABC transporters, Longevity regulating pathway, Lysine degradation, etc. ( Figure  6D ). GO enrichment analysis showed that the biological processes of 358 DEGs were annotated in innate immune response, steroid hormone mediated signaling pathway, metabolic process, stress response to cadmium ion, oxidation-reduction process, etc. (Figure 6C ).
DISCUSSION
PBDEs, a new class of POPs, have raised global concern on its potential risk to human health. Although some studies have suggested that PBDEs may disturb the reproductive functions on animals and human, the underlying mechanisms are still largely unknown. PBDEs with lower bromines are more bioavailable and potentially more toxic; however, there are few studies on the reproductive toxicity on lower brominated PBDEs. In this study, we investigated the toxic mechanisms of congener BDE-3, the most fundamental mono-BDE in the environment, which may provide better evidence to help us understand the toxic mechanisms of PBDEs.
The nematode C. elegans has emerged as an important model in many fields including developmental biology and reproductive toxicology. In this study, long-term exposure of BDE-3 significantly decreased the life span of C. elegans at a very low level of 0.03 mg/ml, indicating that C. elegans is a sensitive tool to study the toxic effects of BDE-3. BDE-3 showed both developmental and reproductive toxicity on C. elegans. BDE-3 caused a dose-dependent decrease in fecundity (Figure 2A) , and the time to reach the peak of egg laying was prolonged in the treated groups, which might be the result of retarded gonadal development. We also found that exposure of 50 mg/ml BDE-3 can significantly prevent the development of L4 stage worms to adult worms (results were not shown). A previous study showed that PBDEs have the potency to affect C. elegans larval development (Behl et al., 2016) . PBDEs have been found to cause reduced fecundity in the copepod Tigriopus japonicus, rotifer Brachionus plicatilis, and zebrafish (Han et al., 2015; Huang et al., 2015; Wang et al., 2015; Zhang et al., 2016) . These results suggested that BDE-3 exposure can affect the fertility of C. elegans through reduced fecundity and postponed spawning.
In C. elegans, germ cell apoptosis is a physical phenomenon during oogenesis process, and over half of the germ cell will be eliminated through apoptosis to keep the homeostasis of reproductive system (Gumienny et al., 1999) . Our results showed that BDE-3 induced germ cell apoptosis at ! 30 mg/ml, implying that germ cell apoptosis might be involved in the BDE-3-induced reproductive dysfunction. Germ cell apoptosis can be initiated by physiologic stimuli, DNA damage, or various environmental toxins. DNA damage and nongenotoxic environmental insults can both lead to the activation of apoptosis pathway (Gartner et al., 2008; Salinas et al., 2006) . Previous studies demonstrated that PBDEs can induce DNA damage in a variety of cells (He et al., 2008a,b; Pereira et al., 2016) . To investigate whether DNA damage is involved in BDE-3-induced apoptosis, the mutants with mutated genes hus-1 (op241) and cep-1 (w40) were used in our study. The C. elegans hus-1 is a DNA chenkpoint gene and is required for p53 dependent activation apoptotic response (Hofmann et al., 2002) . Cep-1 is an ortholog of p53 family and induces DNA damage-dependent germ cell apoptotic signaling pathway. We observed that the apoptosis effects were blocked in hus-1 and cep-1 mutants, implying the role of DNA damage in BDE-3-induced germ cell apoptosis. Cytoplasmic stress, for instance, oxidative stress, heat, and osmotic changes can induce germ cell apoptosis through RAS/MAP-Kinase signaling pathway, which is independent of p53 pathway (Gartner et al., 2008; Salinas et al., 2006) . BDE-47 and its metabolite can induce ROS overproduction and consequent germ cell apoptosis in SD rats (Zhang et al., 2013) . In cells, results showed that PBDEs exposure can lead to increased ROS production (Blanco et al., 2014; He et al., 2008a,b; Wang et al., 2012a) . We speculated that oxidative stress may be another reason for the apoptosis in our study. The extracelluar signal-regulated kinases (ERKs), the c-Jun amino-terminal kinases (JNKs), and the P38 kinases (P38 MAPK) are 3 MAPK pathways that have been characterized (Johnson and Lapadat, 2002) . Mek-1 and sek-1 are homologs of MKK7 and MKK3/6 which are required in the JNKs and P38 signaling pathway, respectively. The C. elegans abl-1 is the homolog of mammalian ABL1. In a previous research, it was reported that mek-1, sek-1 and abl-1 were essential for oxidative stressinduced germ cell apoptosis (Salinas et al., 2006) . The BDE-3 induced apoptosis were inhibited in these three mutants. Furthermore, ROS level measurement showed that BDE-3 exposure can significantly (P < .05) increase the ROS production in intact animals, indicating that oxidative stress may be another mechanism for the apoptosis induced by BDE-3. The ROS can be generated in mitochondria, peroxisomes and from cytosolic enzyme systems (Finkel and Holbrook, 2000) . Evidences suggest that mitochondria are the main source of ROS (Finkel and Holbrook, 2000) . In previous studies, BDE-47 was found can cause mitochondrial dysfunction on mouse spermatocytes and Jurkat cells (Huang et al., 2016; Yan et al., 2011) . Mitochondria dysfunction may play a role in the ROS overproduction induced by BDE-3. Under genotoxic stress, the germ cell undergoes apoptosis through a DNA damage-dependent signaling pathway, which is separated from the Ras/MAP-kinase signaling. In recent studies, evidences suggest that the increased activation of MPK-1, the ortholog of ERK, can enhanced apoptosis induced by CEP-1, indicating that the MAPK signaling pathway may be a regulatory factor of the DNA damage-dependent apoptosis (Eberhard et al., 2013; Rutkowski et al., 2011) . Further studies are needed to reveal the relationship between these 2 mechanisms.
To better understand the toxic mechanism of PBDEs, we investigated the global gene expression alteration in C. elegans exposed to BDE-3. L4 stage worms were harvested for microarray analysis after 8 h exposure, at which sampling time the worms were just before maturation and the laying of eggs, so that we could minimize the inference of DEGs from eggs or larvae. The global alteration of gene expression at this point in time may reflect more early response to cellular stress, rather than the consequently apoptosis that was observed at 24 h exposure time. This is consistent with our findings that most of the DEGs were involved in the metabolism and response processes. Since the lowest observed apoptosis level for BDE-3 is 30 mg/ml ( Figure 3A) , whereas no significant apoptosis occurred under 10 mg/ml exposure level, we analyzed the commonly altered DEGs under both level (131 DEGs in Figure 6A of Venn Diagram) and the DEGs identified only at 30 mg/ml (358 DEGs in Figure 6A of Venn Diagram) by pathway analysis. The commonly altered DEGs were involved in metabolism-related pathway and reflected a response to exogenous chemical, whereas DEGs that only altered in 30 mg/ml group were involved in pathways of ABC transporters, longevity regulating pathway and lysine degradation ( Figure 6D ). This indicated that the ABC transporters might be the responsible disposition pathway to protect against PBDEs exposure, and higher exposure level of 30 mg/ml of BDE-3 regulated the worm longevity and the protein degradation, which was known reflect oxidative stress DNA damage response (Finkel and Holbrook, 2000) . Siah-1, a human homolog of Drosophila seven in absentia (Sina), is known as inducible by p53 and plays an important role in regulating cell apoptosis (Liu et al., 2001; Matsuzawa and Reed, 2001; Wen et al., 2010) . It was up-regulated by BDE-3 only at 30 mg/ml (with fold change of 2.647, P ¼ .004), but no change at 10 mg/ml (with fold change of 1.298, P ¼ .139), indicating that the cep-1, the homolog of p53, was involved in the apoptosis pathway of BDE-3. This was consistent with the observation that the apoptosis induced by BDE-3 was blocked in the mutant of cep-1 ( Figure 4A ). Further studies are required to elucidate the role of Siah-1 in PBDEsinduced germ cell apoptosis. GO analysis showed the most significant biological process of 358 DEGs that identified only at 30 mg/ml was innate immune response ( Figure 6C ), which is associated with the intracellular redox status and oxidative stress response (Sena and Chandel, 2012) . By considering the combined results from microarray analysis, we concluded that the DNA damage and oxidative stress induced by ROS overproduction played essential roles in BDE-3-induced germ cell apoptosis in C. elegans. We anticipate that our study will facilitate further studies on the mechanism of PBDEs-induced reproductive toxicity.
